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Abstract—In the present paper, the recent applications 
of optical parametric amplifiers (OPAs) in hybrid 
wavelength division multiplexing (WDM)/time division 
multiplexing (TDM) local area passive optical networks 
have been modeled and parametrically investigated over 
wide range of the affecting parameters. Moreover, we 
have analyzed the ability of the hybrid WDM/TDM 
Passive optical networks to handle a triple play solution, 
offering voice, video, and data services to the multiple 
users. Finally, we have investigated the maximum time 
division multiplexing (MTDM) bit rates for optical 
network units (ONUs) for maximum number of 
supported users with optical parametric amplifier 
technique across the single mode fiber (SMF) or highly 
nonlinear fiber (HNLF) cables to achieve both maximum 
network reach and quality of service (QOS). 
  
        Keywords—Passive optical network; time division 
multiplexing; wavelength division multiplexing; highly 
nonlinear fiber; optical parametric amplifier; fiber optics. 
 
I. INTRODUCTION 
       Optical access networks present the future-proof 
alternative to the currently deployed copper access 
infrastructure [1]. With the standardization of time-
division-multiplexing passive optical networks (TDM-
PONs), a cost-effective access technology based on 
optics has been developed [2]. However, further 
development needs to be carried out in order to fully 
exploit the benefits of optical fiber technology.  WDM-
PONs are an option, where capacity per user can be 
very high, but their cost does not make them attractive 
for practical implementation nowadays. Several recent 
proposals have demonstrated the feasibility of 
combining WDM and TDM to optimize network 
performance and resource utilization. PONs WDM 
technology (such as WDM PON and hybrid 
WDM/TDM-PON can provide a promising solution for 
broadband access [3]. High utilization of wavelengths 
is desirable to support more subscribers in access 
networks since the total number of wavelengths 
(offered by commercially available light  
 
sources) is limited. Furthermore, access networks are 
very cost-sensitive. Because network operators need 
to guarantee the level of connection availability 
specified in the service level agreement it is important 
in PON deployment to minimize the cost for protection 
while maintaining the connection availability at the 
acceptable level [4]. Typically, PON consists of optical 
line terminal (OLT), remote node (RN), several ONUs, 
and fiber links including feeder fiber between OLT and 
RN which are shared by all the ONUs and distribution 
fibers (DFs) between RN and each ONU [5]. Obviously, 
multiplying these network resources (and investment 
cost) to provide protection is not acceptable in access 
networks. Therefore, much effort has been made to 
develop cost-effective protection schemes for PONs 
[6]. Fiber interconnection between two neighboring 
ONUs is used to provide the protection for DFs which 
allows us to save a lot of investment cost. The 
protection architecture presented in [7] requires only 
half of the wavelengths as compared with , but needs 
much more interconnecting fiber between the ONUs. 
With the explosive growth of end user demand for 
higher bandwidth, various types of PONs have been 
proposed. PON can be roughly divided into two 
categories such as TDM and WDM methods. 
Compared with TDM-PONs, WDM-PON systems 
allocate a separate wavelength to each subscriber, 
enabling the delivery of dedicated bandwidth per ONU. 
Moreover, this virtual point-to-point connection enables 
a large guaranteed bandwidth, protocol transparency, 
high quality of service, excellent security, bit-rate 
independence, and easy upgradeability. Especially, 
recent good progress on a thermal arrayed waveguide 
grating (AWG) and cost-effective colorless ONUs has 
empowered WDM-PON as an optimum solution for the 
access network. However, fiber link failure from the 
OLT to the ONU leads to the enormous loss of data [8].   
        Parametric amplification is a well-known 
phenomenon in materials providing χ(2) nonlinearity. 
However, parametric amplification can also be 
obtained in optical fibers exploiting the χ(3) nonlinearity. 
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New high-power light sources and optical fibers with a 
nonlinear parameter 5–10 times higher than for 
conventional fibers , as well as the need of 
amplification outside the conventional Erbium band has 
increased the interest in such OPAs. The fiber-based 
OPA is a well-known technique offering discrete or 
lumped gain using only a few hundred meters of fiber 
[9]. It offers a wide gain bandwidth and may in similarity 
with the Raman amplifier be tailored to operate at any 
wavelength. An OPA is pumped with one or several 
intense pump waves providing gain over two 
wavelength bands surrounding the single pump wave, 
or in the latter case, the wavelength bands surrounding 
each of the pumps [10]. As the parametric gain 
process do not rely on energy transitions between 
energy states it enable a wideband and flat gain profile 
contrary to the Raman and the Erbium-doped fiber 
amplifier (EDFA). OPAs have been intensively studied 
in recent years due to their potential use for 
amplification and wavelength conversion in multi-
terabit/sec. WDM transmission systems [11]. OPAs 
have the advantage of being able to operate in any of 
the telecom bands (S–C–L) depending upon pump 
wavelength and the fiber zero dispersion wavelength, 
which, in principle, can be appropriately tailored. In 
order to be a practical amplifier in a WDM system, the 
OPA should exhibit high gain, large bandwidth and 
should be spectrally flat, among other requirements 
[12]. OPAs have been used in several applications, 
e.g., as wavelength converters, amplifiers, and pulse 
sources. Based on four wave mixing (FWM) with 
exponential gain [13], the OPA can (when used as a 
pulse source) generate short return-to-zero (RZ) pulses 
at the input signal wavelength and the converted idler 
wavelength [14]. This is due to the fact that the peak of 
the pump pulse, which has higher gain than its wings, 
results in a signal pump pulse compressed with respect 
to the total pump pulse [15].  
    In the present study, the OPAs are deeply studied 
and parametrically investigated over wide range of the 
affecting parameters in hybrid WDM/TDM local area 
Passive optical networks across SMF, or HNLF cables 
to achieve the best QOS to handle a triple play solution 
(video, voice, and data) to the supported users. 
 
  
 
II. SIMPLIFIED HYBRID WDM/TDM LOCAL AREA PASSIVE OPTICAL NETWORK 
ARCHITECTURE MODEL 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure1. Hybrid WDM/TDM Local Area PON Architecture Model 
 
WDM/TDM local area PON is considered as a compromise 
between WDM-PON and TDM-PON which combines the 
advantages of both technologies [6]. The architecture model 
of WDM/TDM PON is shown in Fig. 1. WDM/TDM PON 
consists of many laser diodes as a source of optical signals, 
arrayed waveguide grating multiplexer (AWG Mux) in the 
OLT, optical fiber cable, two optical parametric amplifiers to 
strength the optical signal wavelength, arrayed waveguide 
grating demultiplexer (AWG Demux), ONU in the RN, and 
optical time division multiplexer (OTDM) which lies in the 
ONU and network terminal (NT) which connects to the user. 
In the downstream direction, traffic including video, voice, 
and data is transmitted from the backbone network to the 
OLT and according to different users and location, data is 
transmitted into corresponding wavelength and multiplexed 
by AWG Mux. When traffic arrives at RN, wavelengths are 
demultiplexed by AWG Demux and sent to different fibers. 
Each fiber (wavelength) serves several NTs. Signal in each 
wavelength is demultiplexed by OTDM and different time 
slots are sent to corresponding users [7]. TDM PON has 
emerged as a promising technology to replace conventional 
access network. To put it simple, PON consists of OLT 
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which lies in the central office, passive optical splitter and 
ONU which lies at the users. Unlike digital subscriber line 
(DSL), this is a point to multipoint topology without any 
active components from the central office to the users. The 
TDM scheme reduces cost and provide a very efficient 
method since several users will share the same wavelength. 
But it also brings some problems such as security issues: 
because of it broadcast nature and the truth that many users 
share the bandwidth, transmission distance between user and 
OLT is limited due to the fact that many users share an 
optical splitter, and the protocol needed to implement TDM 
and dynamically allocate bandwidth is very complicated and 
not easy to realize. Because of these disadvantages, WDM-
PON is proposed currently. In the WDM-PON, for each user 
there is a dedicated wavelength from OLT to ONU. 
Obviously, this is a point to point topology which differs 
from point to multipoint. The optical splitter is replaced by 
RN which actually is a multiplexer/demultiplexer and each 
user is equipped with a transmitter and receiver. In the 
downstream direction, optical signals designated for 
different users are transmitted in their own dedicated 
wavelength from the OLT and multiplexed in a single fiber 
cable. At the receiver side which is the RN, the 
demultiplexer demultiplexes the wavelengths and the signals 
will be received respectively by each user.  But the only 
problem which is a very big issue of WDM-PON is the low 
efficiency and high cost [8]. Gbit/sec rates of WDM-PON is 
too large for a single user so most of the time, big portion of 
the bandwidth of one wavelength is wasted. Also, due to 
large number of wavelengths needed in WDM-PON, more 
fibers will be employed and more transceivers, the cost 
needed to build such architecture as well as the maintenance 
fee, all of these will add the cost for each user to afford. 
Thus, unless the big drop of components and component 
installation fee and also large increase of bandwidth demand, 
it is actually impractical to implement WDM-PON in a least 
a few years. So the directions to hybrid WDM/TDM PON is 
urgent to achieve the advantages of both technologies.     
 
 
 
III. BASIC MODEL AND ANALYSIS 
         
    Considering the minimum bandwidth per user that would 
be offered in a saturated case, where optical network units 
(ONUs) transmit at their maximum capacity [12]: 
        ( ) ,windowLaseruser T
Td
TTdMN
TdKBW =+=  (1) 
        ( ) ,Laserwindow TTdK
MNT +=   (2) 
where K is the number of lasers at the OLT (typically K=M), 
d is the data rate, N is the number of of input ports of 
distribution AWG Mux, M is the number of output ports of 
distribution AWG Demux, T is the time slot assigned to each 
ONU in time units, and Twindow is maximm delay. In order to 
reduce the effect of TLaser, it is very clear that the solution is 
to increase T. However, in that case the interval of service to 
serve the same ONU may be too wide for a certain 
applications. Therefore, a compromise must be met 
combining BWuser and delay parameters. Equation (2) has 
been developed supposing a deterministic situation where 
the users are transmitting at full rate under TDM conditions. 
As we need to switch to all active ONUs on the network 
segment, there is a delay between the packet generation and 
the moment when the system is prepared to process it, it 
defined as the following expression [12]: 
        ( ) ,
2 Lasertxwindow
TTWT += ρ    (3) 
where ρ is the network utilization, W is the number of users, 
and Ttx is the average time slot per user. This parameter is 
also known as network delay, and TLaser is the time duration 
served to each subscriber or user. By combining a strong 
CW pump signal at angular frequency (ωp) with a signal at 
another frequency (ωs) into a SMF or a HNLF cable, 
parametric gain can be achieved. At the same time, a 
converted signal, called idler (ωi), will be generated at the 
frequency ωi= 2ωp- ωs. The process is described using the 
following three coupled equations that describes the 
amplitudes Ap,s,i of the pump, signal, and idler [13]:    
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The equation for the pump amplitude can now be integrated 
to give: 
( ) ,expexp 2
00
zPiPzAiAA ppppp γγ =⎟⎟⎠
⎞
⎜⎜⎝
⎛=  (7) 
where pp PA =
2
0
is the pump power at z = 0, which implies 
that the pump signal does not lose any power. In the no 
depletion approximation, the parametric amplification is 
described by the signal power gain [13] as:         
( ) ( )( ) ( ) ,sinh10
2
⎥⎥⎦
⎤
⎢⎢⎣
⎡+== gL
g
P
P
LP
LG p
s
s
s
γ
  (8) 
 ,2 2
effA
n
λ
πγ =     (9) 
where Pp, Ps are the pump and signal powers in the fiber 
cable, γ is the fiber nonlinear coefficient, L is the fiber cable 
length, Aeff is the effective cross-section area of the fiber, n2 
is the nonlinear refractive-index coefficient ≈ 2.6 x10-20 
m2/V2, λ is the optical signal wavelength, and g is the 
parametric gain parameter give by [13]: 
    ( ) ( ) ,4/4/22 2 pp PkPg γββγ +ΔΔ−=−=   (10) 
where k=Δ β+ γ Pp, and the propagation mismatch Δβ is 
given as follows [13]: 
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    ( ) ( ) ,2 202
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Figure 2. Variations of transmission data rate with BW per supported 
user at the assumed set of parameters. 
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Figure 3. Variations of network delay time with the network utilization  
at the assumed set of parameters for three offered services.  
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Figure 4. Variations of network delay time with the network utilization  
at the assumed set of parameters for three offered services.  
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Figure 5. Variations of optical parametric gain with pump power at 
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the assumed set of parameters.  
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Figure 6. Variations of optical parametric gain with pump power at  
the assumed set of parameters.  
 
 
 
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
4 9 14 19 24
Fiber cable length = 0.12 km
Fiber cable length = 0.15 km
Fiber cable length = 0.18 km
      Number of links in the fiber cable core, NL 
 
Figure 7. Variations of MTDM bit rate/channel with the number of  
links in the fiber cable core at the assumed set of parameters.  
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Figure 8. Variations of MTDM bit rate/channel with the number of  
links in the fiber cable core at the assumed set of parameters.  
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Figure 9. Variations of MTDM bit rate/link with the number of links 
in the fiber cable core at the assumed set of parameters.  
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Figure 10. Variations of MTDM bit rate/link with the number of links in 
the fiber cable core at the assumed set of parameters.  
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Figure 11. Variations of MTDM bit rate/fiber cable core with the number  
of links in the fiber cable core at the assumed set  of parameters. 
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Figure 12. Variations of MTDM bit rate/fiber cable core with the number  
of links in the fiber cable core at the assumed set of parameters.  
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Figure 13. Variations of MTDM bit rate/channel with the number of  
links in the fiber cable core at the assumed set of parameters.  
 
 
M
TD
M
 b
it 
ra
te
/li
nk
, B
rli
nk
, G
bi
t/s
ec
  
M
TD
M
 b
it 
ra
te
/c
or
e,
 B
rc
or
e ,
M
bi
t/s
ec
  
M
TD
M
 b
it 
ra
te
/c
or
e,
 B
rc
or
e ,
M
bi
t/s
ec
  
   
M
TD
M
 b
it 
ra
te
/c
ha
nn
el
, B
rc
ha
nn
el
 ,G
bi
t/s
ec
 
SMF 
Without OPA 
for dispersion 
cancellation
HNLF 
With OPA 
for dispersion 
cancellation
HNLF 
Without OPA 
For dispersion 
cancellation 
HNLF 
With OPA 
for dispersion 
cancellation
(IJCSIS) International Journal of Computer Science and Information Security,  
Vol. 3, No. 1, 2009 
 
10
20
30
40
50
60
70
80
4 9 14 19 24
Fiber cable length = 3.5 km
Fiber cable length = 6.5 km
Fiber cable length = 10 km
 
    Number of links in the fiber cable core, NL 
 
Figure 14. Variations of MTDM bit rate/channel with the number of 
links in the fiber cable core at the assumed set of parameters.  
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Figure 15. Variations of MTDM bit rate/link with the number of links in  
the fiber cable core at the assumed set of parameters.  
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Figure 16. Variations of MTDM bit rate/link with the number of links 
in the fiber cable core at the assumed set of parameters.  
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Figure17. Variations of MTDM bit rate/fiber cable core with the number 
of links in the fiber cable core at the assumed set of parameters.  
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Figure 18. Variations of MTDM bit rate/fiber cable core with the number 
of links in the fiber cable core at the assumed set of parameters.  
 
 
where λ0 is the zero dispersion wavelength, λp is the pump 
wavelength, λs is the optical signal wavelength, c is the 
velocity of light, and Sp is the parametric gain slope. If the 
fiber is long or the attenuation is high, the interaction length 
will be limited by the effective length Leff can be expressed 
as Leff ≈ L. The signal gain of the optical fiber parametric 
amplifier can be expressed as follows [14]: 
    ( ) ,.............
1206
11
2
2 42
⎥⎥⎦
⎤
⎢⎢⎣
⎡ ++++= gLgLPG ps γ  (13) 
From Eq. (13), it may be noted that for signal wavelengths 
close to λp, Δβ ≈ 0, and Gs= (γPpL)2. In the special case of 
perfect phase matching (k ≈ 0) and γPpL »1, Eq. (13) can be 
rewritten as follows: 
    ( ) ( ) ( )LPLPgLG pps γγ 2exp41sinhsinh 22 ≈≈=   (14) 
A very simple expression for the OPA gain can be obtained 
if Eq. (14) is rewritten in decibel units as: 
    ( ) ,62exp
4
1log10 10 −=⎥⎦
⎤⎢⎣
⎡= pppdB SLPLPG γ  (15) 
        ( )[ ] ,7.82explog10 10 γγ ≈=pS   (16) 
where Sp is introduced as the parametric gain slope in 
[dB/Watt. km]. Based on Eqs. (4-6), the derived expression 
for the generated pulse is obtained [13]. A sinusoidally 
modulated pump Pp(t) is assumed together with a CW signal. 
The pump is also considered to be undeleted. They have 
found that the output pulses are approximately chirped 
Gaussian pulses in high gain regime defined as follows [13]: 
        ( ) ,
2
1exp,0
2
0
0 ⎥⎥⎦
⎤
⎢⎢⎣
⎡
⎟⎟⎠
⎞
⎜⎜⎝
⎛+−=
T
tCiAtA   (17) 
where the amplitude A0 can be identified as follows [14]: 
        ( ) ,
2
exp2
0
0
0 g
Lg
A =     (18) 
where g0=g (t=0) is given by the following expression: 
        ,
2
4 0
2
0
P
g
γββ Δ+Δ−=    (19) 
and the pulse width duration T0 is given by the following 
expression [14]: 
        ,2
''
0
0
0
LP
g
T γβΔ=  nsec   (20) 
In these expression P0=PP (0) is the peak pump power and 
''
0P  is the second derivative with respect to time of  PP at the 
peak value. The pulse width 20T is proportional to 1/L. The 
optical signal wavelength span 1.5 μm ≤ λsi, optical signal 
wavelength≤ 1.65 μm is divided into intervals per link as 
follows: 
        linkm
NN LL
if /,15.00 μλλλ =−=Δ   (21) 
The transmitted MTDM bit rates per optical network channel 
is computed as follows [15]: 
      channelGbit
TT
Brchannel sec//,
25.0
4
1
00
==  (22) 
Then the MTDM bit rates per fiber cable link is given by the 
following expression: 
      linkGbit
T
Nx
B chrLink sec//,
25.0
0
=    (23) 
Therefore, the total MTDM bit rates per fiber cable core is 
given by the following expression: 
    coreMbit
T
NxNxx
B chLrCore sec//,
100025.0
0
=  (24) 
where Nch is the number of optical network channels in the 
fiber cable link, and NL is the number of links in the fiber 
cable core.  
 
 
IV. RESULTS AND DISCUSSIONS 
 
    We have investigated the basic MTDM transmission 
technique to transmit multi-optical network channels 
with higher bit rates based on both WDM, and TDM 
With the assistant of OPAs in the interval of 1.5 µm to 
1.65 µm. The following numerical data (set of the 
controlling parameters) of our system model are employed to 
obtain the performance of hybrid WDM/TDM local area 
PON with the assistant of OPAs: 1.5 ≤ λsi, optical signal 
wavelength, μm ≤ 1.65, 1.4 ≤ λp, pumping wavelength, μm ≤ 
1.55, 0.5 ≤ PP, pump power, Watt/pump ≥ 1.4, NL: total 
number of links up to 24 links, number of laser diodes: 
K= 16 lasers, number of input ports of AWG Mux: 
M=16 channels, number of output ports: N= 16 
channels, number of users: W=256 user, and the fiber 
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cable parameters for different fiber cable types as 
shown in Table 1.  
 
TABLE 1. PHYSICAL PARAMETERS ARE USED IN PROPOSED 
HYBRID NETWORK MODEL FOR DIFFERENT FIBER CABLE 
TYPES [13]. 
 
Fiber Parameters SMF HNLF 
Attenuation, α [dB/km] 0.2 dB/km 0.7 dB/km 
Effective area, Aeff [μm] 85 μm 12 μm 
Nonlinear coefficient at 
1.55 μm, γ [Watt-1. km-1] 
1.8 Watt-1. 
km-1 
15 Watt-1. km-
1 
Parametric gain slope, 
Sp [dB/Watt.km] 
16 131 
 
Based on the above governing equations analysis of 
the proposed hybrid network model, the set assumed 
of controlling data parameters, and the series of the 
Figs. (2-18), the following features are assured: 
1) Figure 2 has indicated that the bandwidth per 
supported user increases, the transmission data 
rate per user also increases at the same laser 
switching time. While, as the laser switching time 
increases, the transmission data rate per user 
decreases at the same bandwidth per supported 
user. 
2) Figs. (3, 4) have demonstrated that as the network 
utilization increases, the network delay time also 
increases at the same laser switching time. 
Moreover, as the laser switching time increases for 
three offered services, the network delay time also 
increases at the same network utilization. 
3) As shown in Figs. (5, 6), as the pump power 
increases, the optical parametric gain also 
increases across both HNLF and SMF cables at 
the same optical signal wavelength. Moreover, as 
the optical signal wavelength increases, the optical 
parametric gain also increases across both HNLF 
and SMF cables at the same pump power. 
4) Figs. (7, 8) have explained that as the number of 
links in the fiber cable core increases, the MTDM 
bit rate per channel also increases at the same 
fiber cable length. Moreover, as the fiber cable 
length increases. The MTDM bit rate per channel 
also increases at the same number of links. But we 
observed that with OPA across HNLF cable gives 
long distance transmission for network reach, and 
higher bit rates per channels. 
5) Figs. (9, 10) have demonstrated that as the 
number of links in the fiber cable core increases, 
the MTDM bit rate per link also increases at the 
same fiber cable length. Moreover, as the fiber 
cable length increases. The MTDM bit rate per link 
also increases at the same number of links. But we 
observed that with OPA across HNLF cable gives 
long distance transmission for network reach, and 
higher bit rates per links. 
6) Figs. (11, 12) have indicated that as the number of 
links in the fiber cable core increases, the MTDM 
bit rate per fiber core also increases at the same 
fiber cable length. Moreover, as the fiber cable 
length increases. The MTDM bit rate per fiber core 
also increases at the same number of links. But we 
observed that with OPA across HNLF cable gives 
long distance transmission for network reach, and 
higher bit rates per fiber core. 
7) Figs. (13, 14) have given that as the number of 
links in the fiber cable core increases, the MTDM 
bit rate per channel also increases at the same 
fiber cable length. Moreover, as the fiber cable 
length increases. The MTDM bit rate per channel 
also increases at the same number of links. But we 
observed that with OPA across SMF cable gives 
long distance transmission for network reach, and 
higher bit rates per channels. 
8) Figs. (15, 16) have shown that as the number of 
links in the fiber cable core increases, the MTDM 
bit rate per link also increases at the same fiber 
cable length. Moreover, as the fiber cable length 
increases. The MTDM bit rate per link also 
increases at the same number of links. But we 
observed that with OPA across SMF cable gives 
long distance transmission for network reach, and 
higher bit rates per links. 
9) As shown in Figs. (17, 18), as the number of links 
in the fiber cable core increases, the MTDM bit rate 
per fiber core also increases at the same fiber 
cable length. Moreover, as the fiber cable length 
increases. The MTDM bit rate per fiber core also 
increases at the same number of links. But we 
observed that with OPA across SMF cable gives 
long distance transmission for network reach, and 
higher bit rates per fiber core. 
 
 
V. CONCLUSIONS 
    
        In a summary, the OPAs are employed over wide 
range of the affecting parameters in hybrid WDM/TDM 
local area Passive optical networks across SMF, or 
HNLF cables to achieve the best QOS to handle a 
triple play solution to the supported users. We have 
demonstrated that the fast of the laser switching time, 
the higher of transmission data rate per supported 
user, and the lower network delay time to handle the 
offered services as voice, video, and data  for the 
supported users. Moreover, we have demonstrated 
that the higher of both pumping power, and optical 
signal wavelength, the higher optical parametric gain 
across HNLF, and SMF cables. It is evident that the 
OPAs play a vital role in extended network reach with 
higher bit rates either per links or per channels across 
both HNLF and SMF cables. Finally, we have 
demonstrated that OPAs with SMF cables have offered 
higher bit rates either per link or per channels than 
HNLF cables for the same extended network reach. 
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